Abstract: Poly-L-lactide (PLA) fibers were obtained by electrospinning of PLA / dichloromethane solutions. Formation of beaded fibers combined with decreased fiber diameters were observed for low PLA concentrations in solution. Increase of the electrical conductivity by addition of pyridinium formiate (PF) caused a significant reduction of bead formation. The electrospinning of dilute PLA / PF / dichloromethane solutions resulted in PLA nanofibers. Systematic variations clearly identified the solution viscosity and the electrical conductivity at otherwise fixed parameters (surface tension, molecular weight, electrode geometry, electrical field, etc.) as crucial parameters for the formation of beads upon electrospinning of PLA / dichloromethane solutions.
Introduction
Progress in the preparation of nano-shaped materials is motivated by advanced applications in the fields of separation, catalysis, medicine, electronics, and optics, etc. An important area of nano-shaped materials is represented by polymer nanofibers. Efficient and versatile technologies for the preparation of fibers on a diameter scale < 100 nm is still a challenge. A versatile technology for the preparation of polymer nanofibers is electrospinning, which is known since the early 1930´s [1] . After a period of low research activities, interest in electrospinning has been reactivated by the work of Reneker´s group [2] . Since then an exponential growth of research in electrospinning can be observed which has led to new electrospun fiber materials and new potential applications of electrospun fibers [3] . However, the control of the electrospinning process relies mostly on empirical data up to now. Basically, electrospinning is observed when a high electrical field is applied to a polymer solution or polymer melt. In a typical experimental set up, a polymer solution or melt in a syringe with a metal needle and a counter electrode is placed in an electrical field. Under the action of the electrical field the polymer solution or melt forms a jet which is elongated by whipping action and solvent evaporation / solidification of the melt into ultra-thin fibers. Many parameters, like solution viscosity, electrical conductivity of the solution, polymer related parameters like the glass transition temperature, solubility, molecular weight, and molecular weight distribution, 1 solvent parameters like vapor pressure, polarity, surface tension, and other parameters like the electrical field, atmospheric pressure, and atmospheric humidity may influence the electrospinning process. The manifold set of parameters complicates the understanding of the electrospinning mechanism, although some versatile models have been already suggested [4] . In order to gain a better understanding of the influence of the processing parameters on the electrospinning process, systematic studies on a wide variety of polymer / solvent systems backed by quantitative data have to be undertaken. Recently, it was shown that the polymer concentration in solution, the charge volume density of the solution, and the surface tension play an important role on the fiber morphology and the fiber diameter [5] . In a previous study we have reported on the preparation of ultra-thin PLA fibers by electrospinning as templates for polymer nanotubes [3i] . At the same time, Chu et al. reported on the electrospinning of PLA under varying conditions and pointed out that continuous PLA fibers were obtained only at concentrations above 20% [6] , which is in contrast to our previous results, probably due to the choice of the solvent. These different findings again show the importance of systematic studies in particular for important polymer systems like PLA, which is relevant for a variety of applications of electrospun fibers including tissue engineering, drug release, and templating (see, e.g., refs. [3f-i,k,m,n] ). In this report we present a systematic investigation of the impact of PLA concentration in dichloromethane solutions and of the electrical conductivity of the solutions using organic salts at controlled surface tension.
Results and discussion
PLA fibers electrospun from 5% dichloromethane solutions are cylindrical with diameters ranging from 800 -2400 nm (Fig. 1A) . PLA fibers electrospun from 3% solutions are still cylindrical but show decreased diameters ranging from 300 -800 nm ( Fig. 1C) . At lower concentrations a further decrease of the fiber diameter was observed, however, accompanied by the formation of beads ( Fig. 1D -E ). For comparison, bead formation was also observed at lower concentrations (20%) with dimethylformamide (DMF) as solvent [6] . With dichloromethane as solvent, electrospun fibers were obtained at significantly lower PLA concentrations as compared to electrospinning of PLA from DMF. Nevertheless, no electrospun fibers from dichloromethane solution at all were obtained at PLA concentrations < 1%. The decrease of fiber diameters and the formation of beaded fibers by decrease of the polymer concentration in solution are consistent with previous reports, e.g., on poly(ethylene oxide) (PEO) by Reneker et al. [5a] and Deitzel et al. [5c] . Obviously, the reduction of fiber diameters simply by decrease of the polymer solution concentration is not sufficient for the processing of cylindrical nanofibers. In order to gain a better understanding of the crucial parameters we have characterized the viscosities, electrical conductivities, and the surface tensions of the polymer solutions used for electrospinning. As expected, solution viscosity decreased significantly with decreasing PLA concentration whereas electrical conductivity and surface tension did not change significantly (Tab. 1).
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It has been reported for water-based systems (PEO) that the addition of inorganic salts and thereby increase of the electrical conductivity of the solutions (charge volume density) can result in electrospun cylindrical fibers and smaller fiber diameters [5a]. Obviously, the electrical conductivity of the solution plays an important role for the formation of non-beaded (cylindrical) nanofibers. Similar results were obtained with PLA electrospun from DMF solution, however, with average diameters of about 200 nm [6] . PLA solutions in general show intrinsically very low electrical conductivities. In order to increase the electrical conductivity of these organic solutions we have added PF, which is a volatile salt and is soluble in less polar organic solvents like dichloromethane. The influence of the amount of PF was investigated by electrospinning of 2% PLA dichloromethane solutions. The concentration of PF was varied between 0.2 -0.8% (related to dichloromethane). It is obvious from the comparison of SEM micrographs of fibers obtained from PLA dichloromethane solutions with increasing amount of PF that the formation of beads decreased as the concentration of PF increased. Almost no beads were observed for PLA / dichloromethane solutions with 0.8% PF. The influence of PF concentration on the fiber diameters was less significant (Fig. 2, Tab. 2 ). Any addition of PF caused a dramatic increase of the electrical conductivity of the PLA solution (cf. Tab. 1 and Tab. 2). Variation of the PF concentration between 0.2 -0.8% generated a significant increase of the electrical conductivity of the solution whereas the viscosity of the solution and the surface tension practically remained the same (Tab. 2). Obviously, the electrical conductivity of the solution is crucial for the formation of non-beaded fibers for the system PLA / dichloromethane as observed previously for water-based solutions of PEO and PLA in DMF mentioned above.
Tab. 2. Influence of the amount of additive (pyridinium formiate (PF) in PLA / dichloromethane solutions on viscosity, electrical conductivity, surface tension, and fiber diameters The PLA concentrations in dichloromethane were varied between 0.8 -5% with a constant amount of 0.8% PF in order to explore the effect of the viscosity of PLA solutions with high electrical conductivity. The electrospinning of these solutions resulted in any case in cylindrically shaped fibers, even with a concentration of 0.8% PLA which did not result in any fibers without PF (Tab. 1). 4 The fiber diameters decreased significantly with decreasing concentration of PLA (Fig. 3) . Electrospun PLA fibers obtained from 0.8% PLA solutions with 0.8% PF showed smallest fiber diameters. The fiber diameter distribution ranged from 40 -200 nm centered at 60 -120 nm (Fig. 4) . Comparison of the fiber diameter distribution of electrospun PLA fibers obtained from 5% PLA solutions without and with 0.8% PF showed a significant narrowing of the distribution for the system with PF (Fig. 5) . The viscosity of solutions with different PLA concentrations changed significantly whereas the electrical conductivity and the surface tension nearly remained the same ( Tab. 3 The additive PF is volatile and can be completely vaporized off together with the solvent during the electrospinning process. The as-electrospun fibers are pure PLA within the limits of detection of 1 H NMR, IR, and elemental analysis, respectively. The obvious advantage of PF is that it can significantly increase the electrical conductivity of the solution and reduces bead formation in fibers obtained from less polar organic solvents. Additionally, PF does not remain in the fiber, which otherwise could result in a change of PLA fiber properties, such as mechanical properties or biocompatibility. This volatile additive soluble in organic solvents offers thus a useful approach to produce ultrafine, bead-free PLA fibers by electrospinning for a variety of applications, in particular where pure PLA is required.
Conclusions
The increase of electrical conductivity by use of soluble salts has been identified as a crucial parameter for the system PLA / dichloromethane. Cylindrically shaped PLA nanofibers were obtained from dichloromethane / PF solution (electrical conductivity > 1 µS/cm) by reduction of the PLA concentration. Obviously, proper balance of solution viscosity and solution conductivity at a given surface tension is decisive for processing of cylindrical polymer nanofibers by electrospinning. From the materials point of view it should be noted that the volatile salt additive, PF, does not remain in the as-spun fibers as in the case of other salt-type additives. Therefore, the addition of PF does not have any negative influence on the properties of the nanofibers (biocompatibility, mechanics, etc).
Experimental part
PLA [M n = 420 000, M w = 670 000, M w /M n = 1.60, measured by gel permeation chromatography versus polystyrene standards with a set of three columns with chloroform as solvent (300 x 8 mm, type SDV, 10 µm, from PSS) using a differential refractometer as detector at 25°C] was obtained from Boehringer / Ingelheim. Pyridinium formiate (PF) was prepared by mixing equimolar amounts of pyridine and formic acid (Aldrich). Electrospinning of PLA solutions (solvent dichloromethane) was performed in an apparatus as shown in ref.
[3f] at 20°C with a gap between substrate electrode and tip of the capillary of 14 cm at 40 kV. The feed ratio of the PLA solution was 1.3 mL/h. The viscosities of PLA solutions were measured at 20°C using a Hoeppler Viskosimeter B984 (Haake, Karlsruhe). The electrical conductivities of PLA solutions were measured at 25°C using a conductometer inoLab Cond Level 3 with a detector LR 325/001 (WissenschaftlichTechnische Werkstätten GmbH). Surface tensions of PLA solutions were measured at 25°C using a Sigma-70 tensiometer. Characterization of PLA fibers was performed using a CamScan 4 microscope at 15 kV accelerating voltage as well as a Hitachi S-4100 operated at 1 kV accelerating voltage. The average fiber diameter distribution was analyzed by means of the software ImageJ.
